The performance of a combined solar photovoltaic (PV) and thermoelectric generator (TEG) system is examined using an analytical model for four different types of commercial PVs and a commercial bismuth telluride TEG. The TEG is applied directly on the back of the PV, so that the two devices have the same temperature. The PVs considered are crystalline Si (c-Si), amorphous Si (a-Si), copper indium gallium (di)selenide (CIGS) and cadmium telluride (CdTe) cells. The degradation of PV performance with temperature is shown to dominate the increase in power produced by the TEG, due to the low efficiency of the TEG. For c-Si, CIGS and CdTe PV cells the combined system produces a lower power and has a lower efficiency than the PV alone, whereas for an a-Si cell the total system performance may be slightly increased by the TEG.
Introduction
Converting the energy from the Sun directly to electricity in an efficient way is of great interest. Photovoltaic devices (PV) can directly convert parts of the solar spectrum, but a significant part is absorbed as heat. In order to remedy this, a number of combined photovoltaic and heat recovery systems has been proposed recently. The most simple of these convert the heat energy directly to electrical energy using a thermoelectric generator (TEG). The latter utilizes the Seebeck effect to convert heat directly into electrical energy through the movement of charge carriers induced by a temperature span across the TEG.
A number of such combined systems has been studied recently Sundarraj et al. [2014] . Luque and Martı [1999] considered a general hybrid PV and thermal system and showed that such systems may generally have a higher efficiency than single PV systems. A more specific combined PV + TEG system that uses a wavelength separating device to separate the incoming solar radiation into two parts, up to 800 nm for the PV and longer wavelengths to the TEG, has also been proposed Zhang et al. [2005] ; Kraemer et al. [2008] . An experimental realization, using a hot mirror and a near-infrared focusing lens was made by Mizoshiri et al. [2012] , who observed an increase in total open circuit voltage of 1.3 % compared to that of the PV alone. A similar system was also modeled where it was found that the TEGs contributed about 10 % of the output power in the hybrid systemJu et al. [2012] .
Coupled PV + TEG systems have also been considered solely from a modeling basis Van Sark [2011] ; Kiflemariam et al. [2014] ; Liao et al. [2014] ; Zhang et al. [2014] ; Attivissimo et al. [2015] ; Wu et al. [2015] . Specifically, Vorobiev et al. [2006] considered a combined PV and TEG system, with possible concentration of the heat from the PV to the TEG, using a modeling approach. Concentration of the incoming solar radiation was shown to lead to an increase in efficiency of 5-10 %, albeit with highly efficient TEGs, whereas with no concentration the efficiency of the combined system is lower than that of the PV alone. This is also found by Lin et al. [2014] , using an iterative numerical scheme which accounts for the absorbed solar spectrum. Attivissimo et al. [2015] find similar values, ranging from 1-16 %, for no solar concentration, but depending on the geographical location of the system. Similarly, Zhang et al. [2014] found an increase in efficiency of 1-30%, for conventional PV systems, while Xu et al. [2014] found an increase of 8% for a combined PV + TEG system. Najafi and Woodbury [2013] modeled a combined PV + TEG system where the TEG modules were attached to the back side of the PV collector. For 2.8 Suns solar irradiance the considered PV + TEG system produced 145 W by the PV panel and 4.4 W by the TEG modules. For another case, the power generated by the TEGs were found to be 1.84 % of the total generated electricity by the PV panel. A small experimental system by Fisac et al. [2014] also finds merely a small increase in efficiency by adding a TEG to a PV.
However, a different class of results exists. Experimental realizations of small combined PV and TEG systems have reported a significant increase in performance compared to that of a PV alone. Originally, Wang et al. [2011] reported an experimental realization of a combined dyesensitized solar cell (DSSC) PV and TEG system. The reported efficiency of the PV alone in the combined PV + TEG system is 9.39 % whereas the total efficiency of the PV + TEG is 13.8 %, although the temperature span of the TEG was reported to be just 6.2 • C. This means that the efficiency of the TEG is at least 4.87 %, when all excess heat passes through the TEG. This is the same value of efficiency as the reported efficiency of commercial TEG modules at a temperature span of 200 Similar results were obtained by Hsueh et al. [2015] , who studied an experimental realization of a coupled thin film CIGS solar cell with a TEG. Here the efficiency of the PV alone in the combined PV + TEG system was 16.5 % whereas the total efficiency of the PV + TEG was 22.02 %, although the temperature span of the TEG was reported to be just 11.6 • C. This suggests a minimum efficiency of the TEG of 6.61 %, at a very small temperature span. Park et al. [2013] also constructed a PV + TEG system and observed an increase in efficiency from 12.5 % to 16.3 % , corresponding to an increase in power output by 30%, although the temperature gradient across the TE device was 15 • C. Given the application of 127 legs with a cross sectional area of 6.4 · 10 −3 cm 2 and length of 0.05 cm Park et al. [2013] results in a total thermal resistance of 6.2 K/W. At a temperature span of 15 • C this results in a hot side heat flux of 2.4 W. At a claimed power production of 30 mW Park et al. [2013] this results in a TEG module efficiency of 1.3 %, which is substantially less than the reported 6.61 %. Again, the Carnot efficiency in this case is 3.9 %, which as above renders the results unphysical. Zhang et al. [2013] combined a polymer solar cell with a TEG and showed an increased output power of 46.6%, even though the temperature span was only 9.5 • C. The same is observed by Deng et al. [2013] , who for a combined PV + TEG system had a conversion efficiency of 4.55 % for the PV alone, which more than doubled once a TEG was added to the system, although the temperature span was only 7 • C. However, in this last case a large concentrator was used to collect the heat. The Carnot efficiency at these operating conditions is 3.2 % once again rendering the results unphysical. Explaining these results in terms of the current understanding of thermoelectric generators is not possible, as the efficiency is simply too high compared to well established reported material properties as well as the known performance of commercial TEG devices.
Van Sark [2011] modeled an idealized case of combining a PV and TEG assuming state-of-the-art TEG performance (with a thermoelectric figure of merit z value of 0.004 K −1 ). It was found that at a temperature span of 60 • C the maximum efficiency for the theoretically optimal TEG module would be 3.2 %. This is a significantly lower TEG efficiency than those stated in the papers mentioned above (where the temperature span ranged from 5 to 20 • C). However, only a multi-crystalline silicon PV was considered.
In this paper, we derive the efficiency of such a coupled
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An illustration of the system considered. The incoming solar radiation hits the PV, which heats up from parts of the radiation. This heat is transferred through the TEG, to the cold side.
PV and TEG system, with the TEG sitting directly on the back of the PV, using an analytical approach. The efficiency of such a system cannot be considered as a single stand-alone system and thus its power generation characteristics are not known. Clearly determining the efficiency of such a combined system will also aid in the discussion of the above-mentioned results. We note that the cold side of the TEG is assumed to be perfectly cooled to the reference temperature (25 • C in the remainder of this paper). In the analysis conducted below, no considerations on how to provide this cooling are taken into account. The analysis presented differs from previous work in being a pure analytical model, e.g. unlike the iterative model of Lin et al. [2014] , and relaying purely on experimentally determined TEG performance, e.g. unlike Van Sark [2011] .
The studied system
We consider a combined PV and TEG system, where the TEG is mounted directly on the back of the PV. The hot side temperature of the TEG is thus equal to the temperature of the PV, T PV = T TEG,hot . The system is shined upon by the Sun, with an arbitrary concentration of the light. The studied setup is illustrated in Fig. 1 . In order to derive the power generated and the corresponding efficiency of the coupled system, the properties of the PV and TEG as a function of temperature must be known. This is described in the following. It is assumed that the properties of the PV do not change with solar concentration, but only with temperature.
Properties of PVs as a function of temperature
We consider four different kinds of PVs, namely crystalline Si (c-Si), amorphous Si (a-Si), copper indium gallium (di)selenide (CIGS) and cadmium telluride (CdTe). The relevant performance characteristics of the different PVs are given in Table  1 . The degradation in PV efficiency with temperature is given by
where T ref is the reference temperature, typically 25 • C, and β is the temperature coefficient Skoplaki and Palyvos [2009] . The values for the temperature coefficient for the different types of PVs is reported in Table 1 , and are in agreement with data reported elsewhere in literature Emery et al. [1996] ; Mohring and Stellbogen [2008] ; Makrides et al. [2009 Makrides et al. [ , 2012 . We assume that the photons provided from the Sun are either converted directly into electrical energy, with fraction η PV , converted into heat, η T , or not absorbed, η non , such that
The fraction of non-absorbed photons is taken to be constant and the values for c-Si, CIGS, CdTe and a-Si PVs are 16%, 18%, 37% and 47%, respectively Lorenzi et al. [2014] , as also given in Table 1 . The optical losses are not included, but are assumed to be small Lorenzi et al. [2014] . These data fit well with measurements of the total absorption factor of a typical encapsulated c-Si PV, which can be as high as 90.5% Santbergen and van Zolingen [2008] .
Properties of TEGs as a function of temperature
The efficiency of a TEG is generally a nonlinear function of temperature since the thermoelectric material properties vary nonlinearly with temperature. In the case when the material properties do not depend on temperature an analytic expression for the efficiency can be derived. This depends on both the hot and cold side temperature and the temperature span. However, this assumption is not applicable for actual thermoelectric materials. For hot side temperatures below 250 • C, bismuth telluride, Bi 2 Te 3 (BiTe), is the thermoelectric material with the highest efficiency, by a large margin. The thermoelectric figure of merit, zT , is 1.5 for p-type and 0.8 for n-type Bi 2 Te 3 at 100 • C Ma et al. [2008] ; Kim et al. [2012] . For practical applications, a number of commercial Bi 2 Te 3 modules exist. For the analysis presented here, we consider one such commercial module, TG12-4, from Marlow Industries, Inc. However, the performance of this device is more of less identical to other Bi 2 Te 3 modules from various manufacturers.
The efficiency as a function of temperature for this module was measured using an in-house thermoelectric module tester Hung et al. [2015] , and the results are shown in Fig. 2 along with datasheet reference values. In order to use these data for the analytic model developed, a second degree polynomial in ∆T was fitted to the data. The fit has an R 2 value of 0.9996, indicating a good fit to the data. For the Marlow BiTe commercial module the efficiency as a function of temperature span is thus given by
where α = −1.21(5) * 10 −6 K −2 and δ = 4.87(7) * 10 −4 K −1 for a cold side temperature of 25 • C. Reference data is also shown. A function of the form η = α∆T 2 + δ ∆T , has been fitted to the data.
Results
We now consider the combined PV + TEG system. The heat flux available at the hot side of the TEG is assumed to be what remains of the absorbed radiation of the PV power production:
The total electrical power produced is the sum of the power produced by the PV and by the TEG:
It is straightforward, although tedious, to find the extrema of Eq. 5 as a function of temperature by combining Eqs. (1), (3) and (4); see Appendix A. The maximum total power produced by the combined PV and TEG system can then be obtained. Initially, we consider the performance as a function of the thermal degradation coefficient of the PV, β , and the quadratic constant of the TEG, α. We consider the performance in terms of the increase in power, compared to the power produced by a PV alone, i.e.:
This is plotted in Fig. 3 with the corresponding optimum temperature maps plotted in Fig. 4 . For the current values of the temperature degradation coefficients, given in Table 1 , only one of the PV + TEG combinations can produce more electrical power than the PV alone, namely a-Si. Here, the total output power would be enhanced with about 30 %. The other three combinations will only be able to produce additional power if the degradation of PV performance as a function of temperature, β , is significantly decreased. It is also seen that the TEG performance parameter, α, only has a weak influence on the produced power, except when the value of α approaches zero.
We now consider the system with parameters as given in Table 1 in more detail. The power produced by the TEG and the PV, respectively, are given by the individual terms in Eq. 5, where the heat transported through the TEG given by Eq. 4. The power is shown in Fig. 5 for the case of Q solar = 1000 W m −2 . As can be seen from the figure, the low efficiency of the TEG results in a lower power production than the PV. The relative fast degradation of the PV with temperature is also readily apparent. The ratio of the power produced by the PV and TEG fits well with the 10 % previously reported Ju et al. [2012] .
Note that the analysis is conducted up to a temperature of 500 • C. This is an unrealistically high temperature, and it is chosen only for completeness. A BiTe TEG cannot operate above 250 • C, as this will cause chemical decomposition of the TEG. Also, the efficiency of e.g. crystalline Si solar cells are known to drop to zero at 270 • CEvans and Florschuetz [1978] ; Skoplaki and Palyvos [2009] .
The efficiency of a coupled PV and TEG system are given as
This efficiency is shown in Fig. 6 for the four different PVs considered. From the figure it is seen that only for the case of a-Si does the addition of a TEG increase the efficiency and power produced by the system. For the remaining systems the degradation in performance of the PV with increasing temperature is much greater than the power produced by the TEG.
Discussion
The results clearly demonstrate that coupling a PV and a TEG in most cases will result in a device with a poorer performance than the PV alone. This is in agreement with previous results, where an increase of performance from negative values to at most 1.3-1.8 % compared to that of the PV alone has been observed Vorobiev et al. [2006] ; Mizoshiri et al. [2012] ; Najafi and Woodbury [2013] ; Lin et al. [2014] . The work is also in agreement with that of Van Sark [2011] , for the realistic TEG value of Z = 0.001 K −1 , which roughly corresponds to real-world TEG devices. Finally, the relative efficiency of the PV + TEG system also depends on whether the PV + TEG system is compared to a PV operating at 25 • C, or operating at the hot side temperature, but without the TEG. In the latter case, the combined PV + TEG system will of course always have a higher efficiency than the PV system alone, as also found by Van Sark [2011] . The results determined above is in direct contrast with the class of previously discussed reported results, which have demonstrated an increase in performance of more than 50 % from a combined PV + TEG system, even though the systems were operating at room temperature and the temperature span across the TEG was < 20 • CWang et al. [2011] ; Park et al. [2013] ; Zhang et al. [2013] ; Deng et al. [2013] ; Hsueh et al. [2015] . We cannot explain these results in the framework discussed in this article, nor from examining the known and well characterized performance of commercial TEGs or previously published (optimistic) PV + TEG modeling Van Sark [2011] . That the TEG itself can produce a significant amount of power with a temperature span lower than < 20 • C remains The efficiency is directly proportional to the produced power, with the proportionally factor being Q solar . The maximum operating temperature of a BiTe TEG is indicated.
very implausible.
Regarding the use of combined TEG+PV systems one can envision other systems than the direct coupling discussed above. The wavelength separating approach, where the thermal "part" of the spectrum is directed to a TEG does not suffer the degradation in performance seen in the direct coupling, as the temperature of the PV is not increased Zhang et al. [2005] ; Kraemer et al. [2008] ; Mizoshiri et al. [2012] ; Ju et al. [2012] . There could also be a benefit of increasing the concentration of the solar radiation Zhang et al. [2014] .
Also, a direct coupled device might still be interesting in applications where the amount of generated power is not critical. This could be a sensor application, where the PV can produce power during sunlight and the TEG can produce power from a temperature difference e.g. at night.
Conclusion
The combined performance of a solar photovoltaic (PV) and thermoelectric generator (TEG) system was examined for four different types of PVs and a commercially available bismuth telluride TEG. The degradation of PV performance with temperature was shown to be much faster than the increase in power produced by the TEG, due to the low efficiency of the TEG. For the cases of crystaline Si (c-Si), copper indium gallium (di)selenide (CIGS) and cadmium telluride (CdTe) PV cells the combined system produced a lower power and had a lower efficiency than the PV alone, whereas for an amorphous Si (a-Si) cell the performance could be slightly increase by the TEG. A coupled PV + TEG system is thus not a viable option for power production as long as the PV performance decreases significantly with increasing temperature.
Maximum efficiency of PV + TEG system
From Eqs. (3), (4) and (5) it is possible to derive the temperature at which the total power output is maximum. This is given by 
The total power produced by the PV + TEG can then be found using Eq. (5) and the solution for the optimum temperature given in the expression above (Eq. 8).
